A R T I C L E I N F O
Introduction
Amyotrophic lateral sclerosis (ALS) is a fatal disease characterized by motor neuron degeneration in the brain and spinal cord. The disease progresses gradually from initial muscle weakness of legs or arms to muscle atrophy leading to paralysis and death of the patient mainly due to respiratory failure. Mortality usually occurs within 3 to 5 years from appearance of first symptoms (Calvo et al., 2014; Gordon, 2011; Kiernan et al., 2011; Sorarù et al., 2010; Talbot, 2009; Wijesekera and Leigh, 2009) . About 50% of patients die within 30 months of disease symptom onset; 20% of patients survive 5 years, and up to 10% live > 10 years after symptom onset. ALS cases are classified as either sporadic (SALS, (90) (91) (92) (93) (94) (95) idiopathic) or familial (FALS, (5) (6) (7) (8) (9) (10) cases, a genetic link), with both forms sharing similar clinical presentation and underlying pathology. The treatment options for ALS patients are limited and mainly supportive. The only FDA approved drugs for ALS are riluzole (Hugon, 1996; Miller et al., 2003) and the recently approved edaravone (Radicava) (Rothstein, 2017) .
From the initial description of ALS as a rapidly progressive neuromuscular disorder by French neurologist Jean-Martin Charcot in 1869 (Kumar et al., 2011) , clinical and scientific efforts to understand ALS pathogenesis have grown extensively emphasizing the complexity of intrinsic and extrinsic factors underlying this disease. Numerous hypotheses regarding causes or contributors to the death of motor neurons in ALS have been proposed (Cleveland and Rothstein, 2001; Cui et al., 2014; D'Amico et al., 2013; Kolind et al., 2013; Martin et al., 2000; McCombe and Henderson, 2011; Niebroj-Dobosz et al., 2007; Nonneman et al., 2014; Papadimitriou et al., 2010; Pratt et al., 2012; Prell et al., 2015; Rodrigues et al., 2014; Rodrigues et al., 2012; Rothstein, 2009; Strong et al., 2005; Zhao et al., 2013) . Although multiple pathogenic effectors (glutamate excitotoxicity, oxidative stress, protein aggregation, glial cell dysfunction, myelin disruption, immune/inflammatory reactivity, etc.) are known contributors to the diffuse motor neuron degeneration in ALS, relatively recent evidence of vascular pathology has newly identified ALS as a neurovascular disease (Garbuzova-Davis et al., 2011) .
Our original studies (Garbuzova-Davis et al., 2007a , 2007b showing impairment of the blood-CNS barrier (B-CNS-B) in symptomatic ALS mice have spurred various investigations demonstrating that this barrier damage likely represents an additional pathogenic disease mechanism. Convincing results showed structural and functional alterations in the blood-brain barrier (BBB) and blood-spinal cord barrier (BSCB) in ALS patients (Garbuzova-Davis et al., 2012a; Henkel et al., 2009; Winkler et al., 2013) and in animal models of disease (Bataveljić et al., 2012; Bataveljić et al., 2009; Miyazaki et al., 2011; Nicaise et al., 2009; Zhong et al., 2008) . Degeneration of endothelial cells (ECs) and astrocyte end-feet processes surrounding microvessels, impairment of endothelial transport system, damaged mitochondria in EC and neuropil, and dysfunction of tight junction proteins are all likely primary effectors compromising BBB/BSCB integrity. Moreover, microvascular leakage and rupture, perivascular edema, decreased capillary length and blood flow have been shown in the spinal cords of ALS mice. Also, substantial loss of axonal myelinization was observed in the brainstem, cervical and lumbar spinal cords of ALS mice, mainly at late stage of disease (Garbuzova-Davis et al., 2007a) . Based on these evidences, molecular biomarkers of transmembrane proteins such as water (aquaporin-4, AQP4) and potassium (Kir4.1) channels have been proposed for BBB/BSCB maintenance in ALS (reviewed in (Bataveljic et al., 2014) ). Thus, the dysfunctional B-CNS-B may be an essential contributor to ALS pathogenesis, permitting entry of numerous detrimental factors from the systemic circulation to the CNS and accelerating motor neuron degeneration (Garbuzova-Davis et al., 2008b) .
Although specific B-CNS-B alterations have been noted in ALS patients versus an animal model of disease , the damaged capillary endothelium is a shared pathology in patients and an animal model of ALS. We hypothesized that repair of the altered B-CNS-B by replacement of endothelial cells via cell administration may be a new therapeutic approach for this disease. Recently, we demonstrated (Garbuzova-Davis et al., 2017 ) that intravenous administration of human bone marrow CD34 + (hBM34 + )
cells at different doses into symptomatic ALS mice delayed disease progression, maintained motor neuron survival, reduced macro-and microgliosis, preserved perivascular end-feet of astrocytes, and decreased capillary permeability in the spinal cord. Importantly, transplanted cells differentiated into endothelial cells and engrafted within spinal cord capillaries. Moreover, our most recent study (Eve et al., 2018) showed a significant decrease of microhemorrhages in the spinal cords of ALS mice treated with hBM34 + cells. These effects were mostly determined in mice receiving the high cell dose and might represent processes towards BSCB repair. However, the particular beneficial effects of administered hBM34 + cells on microvascular integrity in symptomatic ALS mice still need clarification. The aim of this study was to determine the structural and functional capillary status in the spinal cord of symptomatic ALS mice after intravenous administration of hBM34 + cells at different doses. First, the ultrastructure of microvessels was analyzed in spinal cord areas of anterior motor neurons. Second, the efficacy of cell treatment on capillary permeability was evaluated. Finally, morphological axon/ myelin coherence and capillary density were examined in the spinal cords. These study results provide important evidence for establishment of BSCB reparative processes in ALS via stem cell therapy.
Materials and methods

Ethics statement
All described procedures were approved by the Institutional Animal Care and Use Committee at USF and conducted in compliance with the Guide for the Care and Use of Laboratory Animals. All mice were housed in a temperature-controlled room (23°C) and maintained on a 12:12 h dark: light cycle (lights on at 06:00 AM). Food and water were available ad libitum. Upon progression of neurological symptoms, a highly palatable liquid nutritional supplement was placed on the cage floor, ensuring access by the animal.
Animals
All animals used in the study were obtained from The Jackson Laboratory, Bar Harbor, ME, USA. Seventy-four transgenic male B6SJL-Tg(SOD1*G93A)1Gur/J mice, over-expressing human SOD1 carrying the Gly93 → Ala mutation (G93A SOD1) at 7 weeks of age, were randomly assigned to one of four groups receiving different doses of hBM34 + cells or media: Group 1 -hBM34 + (5 × 10 4 cells/mouse, low dose, n = 15), Group 2 -hBM34 + (5 × 10 5 cells/mouse, mid dose, n = 16), Group 3-hBM34 + (1 × 10 6 cells/mouse, high dose, n = 23),
and Group 4-Media (n = 20). At 8 weeks of age and then weekly, mouse body weight was monitored as an indicator of health. Initially, G93A mice demonstrate disease symptoms such as hindlimb tremor and then reductions in body weight and/or extension reflex appear at 12-13 weeks of age (Garbuzova-Davis et al., 2017) , considered as early symptomatic disease stage. At 13 weeks of age, ALS mice intravenously (iv, jugular vein) received either the appropriate hBM34 + cell dose or an equal volume of media. A non-transplant control group (Group 5), consisted of mice from the background strain that did not carry the mutant SOD1 gene (control, n = 16). At 14 weeks of age and weekly until 17 weeks of age, mice were again observed for symptoms of disease progression.
Cell preparation and transplant procedure
Cryopreserved human bone marrow CD34+ cells (hBM34 + ) were purchased from AllCells (Alameda, CA, USA). According to the company report, cells were obtained from healthy donors and tested negative for viral (HIV, HBV, and HCV) screening and microbial growth. Also, the commercial cell analysis report provided information regarding viability (~95%) and purity (~98%) of hBM34 + cells via FACS of CD34-FITC. Preparation of hBM34 + cells for transplantation was previously described in our recent publication (Garbuzova-Davis et al., 2017) . Briefly, hBM34 + cells were thawed rapidly at 37°C and then transferred slowly with a pipette into a centrifuge tube containing 10 mL of Dulbecco's Phosphate Buffered Saline 1× (DPBS), pH 7.4 (Mediatech, Inc., Manassas, VA, USA). The cells were centrifuged (200 g/10 min) at room temperature (RT), the supernatant discarded and the process repeated. After the final wash, cell viability was assessed using the 0.4% trypan blue dye exclusion method before and after transplantation. The hBM34 + cells were delivered intravenously via the jugular vein of mice under anesthesia with isofluorane (2-5% at 2 L O 2 /min) as we previously described (Garbuzova-Davis et al., 2008a; Garbuzova-Davis et al., 2003) with minor modifications (Garbuzova-Davis et al., 2017) . Briefly, a 26-gauge needle was inserted into the jugular vein of anesthetized animals and a solution containing the cells was injected during 3 min. After transplantation, the incision was closed and sutured using a stainless steel wound clip. The Media mice in Group 4 received 200 μL of DPBS, the same volume administered to the cell-transplanted mice. Animals in Groups 1-4 received cyclosporine A (CsA, 10 mg/kg ip) daily for the entire post-transplant period.
Perfusion and tissue preparation
All cell-treated, media-treated, and control mice were sacrificed under Euthasol® (0.22 mL/kg body weight) and perfused transcardially with 0.1 M phosphate buffer (PB, pH 7.2) followed by 4% paraformaldehyde (PFA) in PB solution under pressure controlled fluid delivery at 80-85 mmHg to avoid capillary rupture at 17 weeks of age (corresponding to 4 weeks after initial treatment at symptomatic disease stage) for ultrastructural (electron microscopy), immunohistochemical, and histological analyses in the cervical and lumbar spinal cords. Mouse age of 17 weeks for sacrifice was the same age as we reported earlier (Garbuzova-Davis et al., 2017) and considered near end-stage of disease. Since our previous report (Garbuzova-Davis et al., 2017) showed that a high hBM34 + cell dose
(1 × 10 6 ) administered into symptomatic ALS mice significantly decreased capillary permeability in the spinal cords, the current study was extended to determine capillary leakage in the spinal cords of mice receiving low and mid cell doses. The mice (Group 1: n = 8; Group 2: n = 9; Group 3: n = 9; Group 4: n = 10) and controls (Group 5; n = 10) were injected with 2% Evans Blue dye (EB, Sigma-Aldrich, St. Louis, MO, USA) in saline solution (4 mL/kg body weight) via the tail vein at 30 min prior to perfusion as described (Garbuzova-Davis et al., 2017) . Prior to perfusion, blood samples (about 500-700 μL) were taken through cardiac puncture from randomly selected cell-treated, mediatreated, and control mice (n = 5-6/group) and collected into serum separation tubes (Corvac™) for 10 min at RT. Sera were obtained after centrifugation at 1200 rpm for 15 min. Mice assayed for EB extravasation received only the PB solution. After perfusion, the entire spinal cords were rapidly removed from cell-treated (n = 5-6/group), mediatreated (n = 6) and controls (n = 7) for the EB extravasation assay described below. In remaining mice (n = 3-4/group) receiving EB injection, the cervical and lumbar spinal cord segments were removed, post-fixed intact in 4% PFA for 24-48 h, and then cryoprotected in 20% sucrose in 0.1 M PB overnight. Coronal spinal cord tissues were cut at 30 μm in a cryostat, every fifth section was thaw-mounted onto slides, and the tissue was stored at −20°C for immunohistochemical analyses of capillary EB leakage. Also, mice (n = 3-4/group) were perfused and their spinal cords were removed, post-fixed, cryoprotected, and cut as described above for immunohistochemical analyses of capillary laminin expression. Additionally, blood was collected during perfusion of ALS mice (n = 8) only receiving high hBM34 + cell dose (1 × 10 6 ) and media-treated mice (n = 3). Blood smears were obtained and then fixed in methanol for 10 min for later immunocytochemical analyses of transplanted cells.
Mice assayed for electron microscope analysis were randomly chosen from cell-treated, media-treated, and control groups (n = 3/ group). Mouse cervical and lumbar spinal cords were immediately removed after perfusion with 4% PFA in 0.1 M PB and fixed in the same fixative for 16-24 h at 4°C. The next day, spinal cords were coded and cut into 1 mm slices. Tissues were then fixed overnight in 2.5% glutaraldehyde in 0.1 M PB (Electron Microscopy Sciences, Inc., Hatfield, PA) at 4°C and stored for later electron microscope processing.
Electron microscopy
Since compromised B-CNS-B integrity was determined in motor neuron areas in ALS mice at early and late disease stages (GarbuzovaDavis et al., 2007a (GarbuzovaDavis et al., , 2007b , structural analyses of cervical and lumbar spinal cord microvessels were performed using electron microscopy. Briefly, spinal cord tissue samples were post-fixed in 1% osmium tetroxide (Electron Microscopy Sciences, Inc., Hatfield, PA) in 0.1 M PB for 1 h at RT and then dehydrated in a graded series of acetone dilutions. Tissues were transferred to a 50:50 mix of acetone and LX112 epoxy resin embedding mix (Ladd Research Industries, Burlington, VT) and infiltrated with the mix for 1 h. The tissues were then transferred to a 100% LX112 embedding mix and infiltrated with fresh changes of this embedding mix. The tissues were further infiltrated overnight in fresh embedding medium at 4°C. On the following day, the tissues were embedded in a fresh change of resin in tissue capsules. The blocks were polymerized at 70°C in an oven overnight. The blocks were trimmed and then sectioned with a diamond knife on a Leica Ultracut ultramicrotome. Thin sections were cut at 80-90 nm, placed on copper grids, and stained with uranyl acetate and lead citrate.
BSCB integrity analysis
For analysis of BSCB ultrastructure, microvessels in the cervical and lumbar spinal cords of cell-treated, media-treated, and control mice were examined by an investigator blinded to the animal groups, using coded sections, and photographed with an AMT ActiveVu XR 16 digital camera, (Advanced Microscopy Techniques, Woburn, MA) attached to a FEI Morgagni transmission electron microscope (FEI, Inc., Hillsboro, OR), at 60 kV.
Analyses of capillary morphologies in the spinal cords of celltreated, media-treated, and control mice were performed based on electron microscopic (EM) images. Total analyzed capillaries were: the cervical spinal cord -control (n = 54), media (n = 78), low dose (n = 121), mid dose (n = 99), and high dose (n = 109); the lumbar spinal cord -control (n = 55), media (n = 72), low dose (n = 127), mid dose (n = 89), and high dose (n = 81). Capillaries were considered of normal morphology if (a) endothelial cells (ECs) were intact and the basement membrane was a single layer surrounded by astrocytes or oligodendrocytes, (b) mitochondria had well preserved cristae in the cytoplasm of all cells including ECs, (c) normal neuropil surrounded the capillaries, and (d) no evidence of intra-or extracellular edema was displayed. Moderately impaired capillary morphology was determined by appearance of (a) EC cytoplasm with some vacuoles and dilated endoplasmic reticulum, (b) swollen mitochondria in ECs and in the neuropil, and/or (c) minor extracellular edema between areas of neuropil and near capillaries. Severely compromised capillary morphology was determined by the presence of (a) substantially vacuolated ECs, (b) necrotic ECs with condensed cytoplasm, (c) ECs detached from basement membrane, (d) vacuolated mitochondria in the cytoplasm of ECs and neuropil with swelling and disruption of cristae, (e) degenerated astrocyte end-feet surrounding the capillaries with free floating swollen mitochondria, and/or (f) extensive protein-filled extracellular edema around the capillaries. Quantitative analysis for each capillary category was presented as a percentage of total capillary numbers per animal group for both cervical and lumbar spinal cords.
BSCB permeability
Evans Blue (EB) dye, 961 Da, was used as a tracer for assessing BSCB disruption. The EB extravasation assay was performed as previously described (Garbuzova-Davis et al., 2017; Garbuzova-Davis et al., 2016; Garbuzova-Davis et al., 2007b) . Briefly, after perfusion, mouse spinal cords were weighed and placed in 50% trichloroacetic acid solution (Sigma). Following homogenization and centrifugation, the supernatant was diluted with ethanol (1:3) and loaded into a 96 well-plate in triplicate. Sera were diluted with ethanol (1:10,000) and loaded separately into a 96-well plate in triplicate also. The dye was measured with a spectrofluorometer (Gemini EM Microplate Spectrofluorometer, Molecular Devices) at excitation of 620 nm and emission of 680 nm (Ay et al., 2008; Garbuzova-Davis et al., 2017) . Calculations were based on external standards in the same solvent. The EB content in tissue was quantified from a linear standard curve derived from known amounts of the dye and was normalized to tissue weight (μg/g). For sera, EB concentration was quantified similarly and presented as μg/mL. All measurements were performed by two experimenters blinded to the experiment.
Immunohistochemical staining
For identification of vascular EB leakage, serial spinal cord tissue sections from EB injected mice (n = 3-4/group) were thaw-mounted on slides and then rinsed several times in PBS to remove the freezing medium. The slides were coverslipped with Vectashield® containing DAPI (Vector Laboratories, USA) and examined under epifluorescence using an Olympus BX60 microscope.
In a separate set of cervical and lumbar spinal tissue sections from randomly selected mice (n = 3-4/group), immunohistochemical staining of the basement membrane protein (laminin) was performed as previously described (Garbuzova-Davis et al., 2007b) . Briefly, spinal cord tissues were pre-incubated with 10% goat serum and 0.3% Triton X 100 in PBS for 60 min at RT and then stained with rabbit anti-laminin polyclonal antibody (1:200, Cat. No. ab11575, Abcam, USA) overnight at 4°C. The next day, the slides were incubated with goat anti-rabbit secondary antibody conjugated to rhodamine (1:1000, Cat. No. A11012, Invitrogen, USA) for 2 h. After several rinses in PBS, slides were coverslipped with Vectashield® containing DAPI (Vector Laboratories, USA) and examined under epifluorescence using an Olympus BX60 microscope. Analyses of laminin immunoexpression in the cervical and lumbar spinal cords of cell-treated, media-treated, and control mice were performed in the ventral horns by an investigator blinded to the experiments. Immunohistochemical image analysis for laminin was performed by measuring intensity of fluorescent expression (%/mm 2 ) in NIH ImageJ (version 1.46) software. Thresholds for detection of laminin fluorescent expressions were adjusted for each image to eliminate background noise as previously described (Garbuzova-Davis et al., 2017) . Immunohistochemical images (n = 10 images/spinal cord segment) were taken in randomly selected areas from right and left ventral gray matter of the cervical and lumbar spinal cords at 10×. Fluorescent intensity (%/mm 2 ) was measured in the entire image. Data are presented as averages of laminin immunoexpression from both sides. For identification of intravenously transplanted hBM34 + cells within blood circulation, blood was collected during perfusion of ALS mice (n = 8) receiving high hBM34+ cell dose (1 × 10 6 ) and mediatreated mice (n = 3) only. Blood smears were obtained and fixed in methanol for 10 min. Also, hBM34 + cell smears served as positive controls. Immunofluorescent staining with the human-specific nuclei marker (HuNu) was performed as we described previously (GarbuzovaDavis et al., 2017; Garbuzova-Davis et al., 2012b; Garbuzova-Davis et al., 2008b) . Briefly, the mouse monoclonal antibody (HuNu, 1:100, Cat. No. 1281, Millipore Sigma, USA) was combined with the secondary antibody, monovalent goat anti-mouse Fab' fragment conjugated to rhodamine (1:200; Cat. No. 115-607-003, Jackson ImmunoResearch, USA), and incubated at RT for 2 h. The blood and cell smears were preincubated with 1% normal human serum (NHS) and 0.5% Triton X 100 in PBS for 30 min at RT and subsequently incubated with the previously prepared antibody cocktail overnight at 4°C. Next day, slides were thoroughly washed in PBS and coverslipped with Vectashield® containing DAPI (Vector Laboratories, USA). The slides were then examined under epifluorescence using an Olympus BX60 microscope. Cells immunopositive for HuNu were counted manually from the entire slide at 40× and determined as a percentage of total nucleated cells for each mouse.
To test for specificity of the immunostaining for laminin and HuNu, the primary antibodies were omitted from control slides. No staining was observed in the control sections.
Histological staining and analysis
As part of preparing the spinal cord tissues for EM, tissue postfixation in 2.5% glutaraldehyde, osmication in 1% osmium tetroxide, acetone dehydration, and embedding in LX112 epoxy resin were performed as described above. Tissues were embedded in plastic blocks and semi-thin tissue sections (0.35 μm) were cut using a Leica Ultracut ultramicrotome and then mounted on glass slides. Spinal cord sections were stained with 1% toluidine blue (Fisher Scientific, USA) for 1 min, rinsed in water, de-stained in 95% ethanol, dried, and then coverslipped. This specific tissue preservation and fixation result in conventional toluidine blue-stained myelinated fibers in the spinal cords (Di Scipio et al., 2008; Feirabend et al., 1998) . Morphological analyses of axonal myelin sheaths were performed in the lumbar spinal cords at L3-L4 segments of cell-treated, media-treated, and controls (n = 3/ group). The phase contrast images were taken at 4× using an Olympus BX60 microscope. Histological image analysis for myelin was performed by measuring intensity of staining expression (%/mm 2 ) in NIH ImageJ (version 1.46) software. Thresholds for detection of myelin staining were adjusted for each image to eliminate background noise as previously described (Garbuzova-Davis et al., 2017) . Images (n = 2-3 images/spinal cord side/group) were taken in selected areas from lateral funiculus (LF) and ventral horn (VH) on both sides of the lumbar spinal cords at 10×. Myelin intensity (%/mm 2 ) was measured in the entire image. Additionally, capillary numbers were counted at 3-10 μm in diameter on both sides of lumbar VH images (n = 3/side/group) at 40× using NIH ImageJ software. Capillary density (number/mm 2 ) was determined for each entire image. Data are presented as averages of capillary density in VH of each spinal cord side.
Statistical analysis
Data are presented as means ± S.E.M. One-way ANOVA with posthoc Tukey HSD (Honesty Significant Difference) multiple comparison test using online statistical software (astatsa.com, 2016 Navendu Vasavada) was performed for statistical analysis. Significance was defined as p < 0.05.
Results
Ultrastructural characteristics of capillaries in the spinal cord
Ultrastructure of microvasculature in the cervical and lumbar spinal cords of cell-treated, media-treated, and controls at 17 weeks of age was analyzed using an electron microscope (EM). In ALS mice, EM analysis was conducted 4 weeks after cell transplantations or media-injections to reveal structural BSCB status. Examination of the immersion-fixed tissues from all animals showed well-preserved and well-processed tissues.
Cervical spinal cord
Ultrastructural examination of the cervical spinal cord from control mice demonstrated the normal appearance of capillaries and perivascular astrocytes (Fig. 1Aa ). All capillaries consisted of a single layer of endothelial cells (ECs), forming a lumen, and pericytes. The basement membrane was surrounded by astrocyte foot processes. Myelinated axons showed typical morphology in neuropil. Mitochondria displayed a normal pattern of cristae. Significant ultrastructural abnormalities were observed in the ventral spinal horn in media-treated ALS mice (Fig. 1Ab ). Swollen ECs with cytoplasmic vacuolization or large autophagosomes were determined in numerous capillaries. Free floating mitochondria, some of them swollen, were seen in the remains of perivascular astrocyte processes. Extensive protein-filled extracellular edema was found around capillaries. Myelin surrounding axons appeared degenerated. There was no substantial capillary morphological improvement in ALS mice receiving the low hBM34 + cell dose (Fig. 1Ac) . Swollen ECs, degenerated astrocyte end-feet, and perivascular edema were noted. Moderate enhancement of capillary ultrastructure by reduction of perivascular edema and near normal EC appearance was determined in some microvessels of ALS mice with the mid cell dose (Fig. 1Ad) . However, some axons with reduced myelin sheathing were evident. In ALS mice receiving the high hBM34 + cell dose, numerous capillaries demonstrated typical ultrastructural morphology of ECs and pericytes ( Fig. 1Ae and Af). Nevertheless, some areas of perivascular edema between capillary and astrocyte end-feet and degenerated myelinated axons were found. Capillary tight junctions, however, were well defined. Quantitative analysis of capillary morphology in the cervical spinal cords demonstrated a higher percentage of capillaries with normal morphology (70.63 ± 1.52%) vs. moderate impairment (29.37 ± 1.52%) in control mice at 17 weeks of age (Fig. 1B) . No severely damaged capillaries were determined in control mice. Mediainjected ALS mice at same age showed a significant (p = 0.001) reduction of morphologically normal capillaries (22.40 ± 6.83%) and an increase in capillaries with moderate impairment (43.37 ± 6.78%) compared to controls. A high percentage of severely impaired capillaries (34.23 ± 4.31%) was determined in media mice (Fig. 1B) . The percentage of capillaries with normal morphology gradually increased in cell-treated vs. media-treated ALS mice with cell dosage: low dose -17.63 ± 1.87%, mid dose -33.40 ± 4.48%, and high dose -45.63 ± 9.35% (p = .033). Of note, there was a significant (p = .011) increase of normal capillaries in mice receiving the high cell dose vs. the low cell dose treatment. At the same time, the percentage of severely damaged microvessels decreased with dosage: low dose -31.63 ± 3.62%, mid dose -18.87 ± 2.70% (p = .038), and high dose -17.27 ± 4.75% (p = .024) (Fig. 1B) . However, increase of capillaries with moderate morphological impairment was noted only in low dose -50.73 ± 1.86% and mid dose -47.73 ± 4.90% vs. media mice. Mice receiving the high cell-dose showed a slight non-significant decrease of these moderately impaired capillaries (37.13 ± 5.78%) compared to media-treated animals (Fig. 1B) .
Lumbar spinal cord
Similarly to the cervical spinal cords, capillaries in the ventral horn of the lumbar spinal cords from control mice appeared morphologically intact and were composed of a single layer of EC, pericytes, basement membrane, tight junction, and adjacent astrocyte end-feet (Fig. 2Aa) . Myelin surrounding axons and mitochondria in neuropil were well preserved. Media-treated ALS mice showed degenerated ECs within capillary lumen and protein-filled extracellular edema around capillaries (Fig. 2Ab) . Swollen mitochondria were also observed in the neuropil and within axons. There was evidence of myelin disruption in surrounding axons. In mice receiving the low or mid cell dose treatment, improvement of capillary morphology was not indicated. Swollen Control mouse showed typical ultrastructure of endothelium, neuropil, and axons (Aa). Capillary consisted of an endothelial cell and a single layer of basement membrane. Mitochondria and myelinated axons were well preserved. (Ab) In media-treated mice at 17 weeks of age, swollen or vacuolated endothelial cells, degenerated astrocyte foot-processes, and extensive perivascular protein-filled edema were determined in numerous capillaries. Large autophagosome was found in cytoplasm of endothelial cell. Swollen free floating mitochondria and degenerated myelinated axons were noted. (Ac) Mice receiving low cell dose showed swollen endothelia and perivascular edema. In some microvessels, astrocyte end-feet were adjacent to capillary wall. In mice receiving mid cell dose (Ad), near normal endothelium morphology and less perivascular edema were observed. A few axons with degenerated myelin were also detected in neuropil. (Ae, Af) Numerous capillaries demonstrated typical endothelium morphology in mice after treatment with high cell dose. Some areas of perivascular edema between capillary and astrocyte end-feet and degenerated myelinated axons were determined. En -endothelial cell, Tj -tight junction, BM -basement membrane, P -pericyte, Aph -autophagosome, Astastrocyte, A -axon, m -mitochondrion, Nu -nuclei, * -perivascular edema. Scale bar in a-f is 500 nm. (B) Quantitative analysis of capillary morphology. Control mice showed a high percentage of capillaries with normal morphology and low numbers of moderately impaired capillaries. Media mice demonstrated a significant decrease of morphologically normal capillaries, an increase of capillaries with moderate impairment, and a high percentage of severely damaged microvessels. Cell-treated mice displayed a gradual increase of capillaries with normal morphology consistent with cell dose. Percentage of severely compromised capillaries was significantly reduced in mice treated with mid or high cell dose. Increased percentages of capillaries with moderate impairment were noted only in low and mid-treated mice, but no significant differences were found compared to media animals. A slight decrease in moderately impaired capillaries was detected in high cell-treated mice vs. media. *p < 0.05, **p < 0.01. or vacuolated ECs in major capillaries was detected in low-cell ( Fig. 2Ac ) and mid-cell (Fig. 2Ad ) dose treated mice. Also, significant extracellular edema was determined in these cell-treated mice. Free floating mitochondria in space of degenerated astrocyte end-feet were observed. Mitochondria with disrupted cristae were seen in axon (top left, Fig. 2Ad ) in addition to degenerate myelin. In contrast, a substantial improvement of capillary morphology was detected in ALS mice receiving the high cell-dose treatment (Fig. 2Ae and Af). Normal ultrastructural morphology of ECs and pericytes, adjacent astrocyte end-feet, and preserved axonal myelin were noted. Just small areas of perivascular edema were seen.
Capillary morphology profiles in the lumbar spinal cords were similar to those in the cervical spinal cords. Control mice demonstrated a high percentage of capillaries with normal morphology (76.37 ± 2.55%) and a low percentage of moderately impaired capillaries (23.63 ± 2.55%) (Fig. 2B) . Severely damaged capillaries were not identified in control mice. Media-injected ALS mice showed a significant (p = 0.001) decrease of morphologically normal capillaries (24.20 ± 2.73%) and an increased percentage of moderately impaired capillaries (40.27 ± 1.78%) vs. controls. A high percentage of severely impaired capillaries (35.53 ± 2.86%) was determined in media mice (Fig. 2B) . Steadily increasing percentages of capillaries with normal morphology in correlation with increased cell doses were shown in celltreated vs. media-treated ALS mice: low dose -21.17 ± 2.63%, mid dose -28.20 ± 1.98%, and high dose -53.47 ± 2.14% (p = 0.001). Of note, there was a significant increase of normal capillaries in mice receiving high cell-dose vs. low (p = 0.001) or mid (p = 0.001) cell dose treatment. The percentage of severely damaged microvessels gradually decreased as cell dosages increased: low dose -31.67 ± 7.54%, mid dose -20.20 ± 2.35%, and high dose -9.63 ± 0.99% (p = 0.003) (Fig. 2B) . Of note, a smaller percentage of capillaries with severe impairment was noted in the lumbar spinal cords of mice treated with high cell-dose compared to results from cervical spinal cords (17.27 ± 4.75%) in the same animals. Similarly to the cervical spinal cord, increased percentages of capillaries with moderate morphological impairment were noted in low dose -47.17 ± 8.69% and mid dose -51.60 ± 4.29% vs. media mice with significant differences (p = 0.011 and p = 0.003, respectively) compared to controls. Only mice receiving the high cell-dose demonstrated a minor decrease of these moderately impaired capillaries (36.90 ± 3.06%) compared to media-treated animals (Fig. 2B) .
Together, results demonstrated severely compromised BSCB integrity in the cervical and lumbar spinal cords in media-treated ALS mice at 17 weeks of age, which is considered late symptomatic disease stage. Structural restoration of this barrier in the spinal cord was determined mainly in mice receiving the high hBM34+ cell dose and was confirmed by capillary morphology profiles.
Capillary permeability in the spinal cord
To confirm potential structural BSCB repair in symptomatic G93A mice by hBM34
+ cell transplantation at different doses, functional Fig. 3 demonstrate control (A) and media-treated (B) mice in prone position after EB injection. There is a clear indication of dye penetration (blue colour) under the skin due to fenestration of capillaries. Also, visible posterior lower, anterior thigh, and medial thigh muscle atrophy in left hindlimb of media mouse at 17 weeks of age can be observed (Fig. 3B ) compared to typical muscle condition in both hindlimbs of control mouse at the same age (Fig. 3B) . Quantitative analysis of EB extravasation into the spinal cord parenchyma showed significant (p = 0.004) dye tissue content in media-treated mice (5.47 ± 0.85 μg/g) compared to controls (1.88 ± 0.44 μg/g) (Fig. 3C) . Although less EB extravasation was determined in the spinal cords of mice receiving the low (3.43 ± 0.62 μg/g) or mid (3.16 ± 1.01 μg/g) cell dose, there were no significant differences vs. media mice. In contrast, EB extravasation was significantly (p = 0.022) reduced in spinal cords of ALS mice receiving the high cell dose (2.43 ± 0.54 μg/g) (Fig. 3C) . Quantification of EB concentration in sera was performed as a control for spinal cord EB extravasation and showed no significant differences in EB levels in sera between control, media-treated, and cell-treated mice, confirming the same dye content in animals' blood after intravenous injection (Fig. 3D) .
Microvascular EB leakage was analyzed in the cervical and lumbar spinal cords from cell-treated, media-treated, and control mice. In the cervical spinal cord, EB was clearly detected within capillary lumen in the ventral horn ( Fig. 4A and a) , dorsal horn ( Fig. 4B and b) , and anterior white matter (Fig. 4C and c) from control mice at 17 weeks of age. Vascular leakage of EB was distinguished in the ventral horn ( Fig. 4D and D′) , dorsal horn ( Fig. 4E and E′) , and anterior white matter ( Fig. 4F and F′ ) from media-treated animals of the same age. Of note, extravasated EB was observed at some distance from capillaries in the ventral (Fig. 4D) and dorsal (Fig. 4E) spinal horns of these mice. ALS mice receiving the low cell dose showed notable EB capillary leakage in the ventral horn ( Fig. 4G and G′), dorsal horn ( Fig. 4H and H′) , and anterior white matter ( Fig. 4I and I′) . Microvessels less permeable for EB were determined in analyzed spinal cord areas (Fig. 4J-L′ ) from mice treated with mid cell dose. Considerable reductions of leaky capillaries in the ventral horn ( Fig. 4M and M′) , dorsal horn ( Fig. 4N and N′), and anterior white matter ( Fig. 4O and O′) were detected in ALS mice after receiving the high cell dose. In the lumbar spinal cord, EB dye was observed intravascularly in the ventral horn ( Fig. 5A and a) , dorsal horn ( Fig. 5B and b) , and anterior white matter (Fig. 5C and c) from control mice, similarly to cervical spinal cord findings. Substantial diffusion of EB into the spinal cord parenchyma from many blood vessels was detected in the ventral horn ( Fig. 5D and D and a), dorsal horn ( Fig. 5E and E′), and anterior white matter ( Fig. 5F and F′) from media-treated mice. Analogous EB extravasation was seen in analyzed spinal cord areas from mice treated with low ( Fig. 5G-I′) or mid ( Fig. 5J-L′) cell dose. Lessened capillary permeability was demonstrated in the ventral horn ( Fig. 5M and M′) , dorsal horn ( Fig. 5N and N′), and anterior white matter ( Fig. 5O and O′ ) from the high celltreated mice.
Thus, structural improvement of microvasculature identified in the cervical and lumbar spinal cords via EM mainly in ALS mice receiving the high hBM34 + cell dose was confirmed by functional capillary status for EB leakage in animals treated with the same high cell-dose.
Immunohistochemical analysis of laminin in the spinal cord
Immunohistochemical analysis of laminin, a major component of the basal lamina, was performed in the cervical and lumbar spinal cords of cell-treated, media-treated, and control mice at 17 weeks of age to evaluate capillary integrity. Immunofluorescent staining for laminin demonstrated well organized microvasculature networks in the cervical (Fig. 6Aa) and lumbar (Fig. 6Af) ventral horns of control mice. In these animals, spinal cord capillaries displayed a continuous layer of laminin ( Fig. 6Aa′ and Af′). Marked reduction of laminin immunoexpression in microvessels was determined in both cervical (Fig. 6Ab) and lumbar ( Fig. 6Ag) spinal cords of media-treated ALS mice. At high magnification, irregularities of capillary laminin staining were obvious in the ventral horn in the cervical (Fig. 6Ab′) and lumbar (Fig. 6Ag′) spinal cords. ALS mice receiving the low cell dose showed a similar pattern of laminin immunoexpression in the spinal cords (cervical: Fig. 6Ac and Ac′; lumbar: Fig. 6 Ah and Ah′) as in media mice. Increased numbers of capillaries with adequate laminin expression were observed in the cervical and lumbar spinal cords of mice-treated with mid (cervical: Fig. 6Ad and Ad′; lumbar: Fig. 6Ai and Ai′) and high (cervical: Fig. 6Ae and Ae′; lumbar: Fig. 6Aj and Aj′) cell doses. Of note, more robust capillary laminin staining was apparent after the high cell-dose treatment (cervical: Fig. 6Ae′ ; lumbar: Fig. 6Aj′ ) vs. mid cell-dose.
Quantitative analysis of laminin immunoexpression presented as averages of ventral gray matter of the cervical and lumbar spinal cords in both sides confirmed the above description of laminin immunostaining in cell-treated, media-treated, and control mice. In the cervical spinal cord, media-treated mice showed a significant Fig. 3 . Quantitative analysis of Evans Blue extravasation into the spinal cord parenchyma of G93A mice and dye concentration in sera. Photographs of control (A) and media-treated (B) mice demonstrated EB penetration (blue colour) under skin due to fenestration of capillaries. Visible atrophy in lower posterior, anterior thigh, and medial thigh muscle of media mouse left hindlimb was observed (B, arrow with asterisk) compared to normal seeming muscle in hindlimbs of control mouse at the same age (A, arrows). (C) Significantly higher levels of EB extravasation were determined in the spinal cords of media-treated mice vs. controls. ALS mice receiving the low or mid dose of hBM34 + cells showed a nonsignificant decrease of EB levels in tissues vs. media mice. A significant reduction of EB extravasation was found in mice after high cell-dose transplantation.
(D) There were no significant differences in EB concentration in sera between control, media, and celltreated mice. *p < 0.05, **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) (p = 0.001) reduction of protein expression vs. controls (Fig. 6B ). There were no significant differences between the low cell-dose treatment and media mice. Yet, mice receiving the mid and high cell-doses demonstrated significant (p = 0.001) increases of laminin immunoexpression vs. media-treated or low cell-treated animals (Fig. 6B) . In the lumbar spinal cord, a significant (p = 0.001) decrease of laminin detection was determined in media mice (Fig. 6C ), similarly to the cervical spinal cord. Although no significant differences were found in mice receiving the low cell-dose compared to media, significantly (p = 0.001) elevated laminin immunostaining was detected in mice treated with the mid and high cell-doses vs. media and low cell-dose (Fig. 6C) . Interestingly, high cell-dose mice showed a significantly (p = 0.008) higher percentage of laminin expression compared to mid cell-dose treated animals. Together, results demonstrated significant reduction and disruption of laminin immunoexpression in capillaries of the cervical and lumbar spinal cords in media-treated ALS mice at 17 weeks of age, suggesting compromised basement membrane integrity in these late symptomatic mice. The enhancement of laminin immunostaining in the spinal cord was determined in mice receiving the mid and high hBM34 + cell doses and was confirmed by quantitative analysis of this protein.
Immunocytochemical analysis of transplanted hBM34+ cells in blood smears
For identification of intravenously transplanted hBM34 + cells within blood circulation, immunofluorescent staining with the human-specific nuclei marker (HuNu) was performed in blood smears. Also, same immunostaining was applied for hBM34 + cell smears as control. Results demonstrated positive HuNu immunoexpression in all hBM34 + cells (Fig. 7A) . In blood smears from ALS mice receiving the high cell-dose, some cells were positive for the HuNu marker (Fig. 7B) . Counts of immunopositive cells for HuNu in all blood smears showed that these cells comprised 12.18 ± 1.86% of total nucleated cells. There was no detection of human cells in blood smears from media-treated mice (Fig. 7C) .
Histological analysis of myelin and capillary density in the lumbar spinal cord
Morphological analyses of axonal myelin sheaths were performed in lateral funiculus (LF) and ventral horn (VH) on both sides of the lumbar spinal cords from cell-treated, media-treated, and control mice at 17 weeks of age. Also, capillary density was measured on both sides of the lumbar ventral horn. Results demonstrated well myelinated axons in LF and VH of control mice (Fig. 8A) . Typical motor neurons and capillaries were observed in VH of these mice. Media-treated ALS mice showed substantial decreases of myelin intensity in LF and VH (Fig. 8B) . In VH of media mice, motor neurons were reduced in size or degenerated. Capillary amounts in media-treated animals appeared to increase. Myelinated axons in LF of low (Fig. 8C) and mid (Fig. 8D) celldose treated mice were seen to moderately increase compared to media mice. Motor neurons in these treated mice were morphologically adequate. A high number of capillaries was detected in VH of these celltreated animals. Dilated capillaries were noted (Fig. 8C) . ALS mice receiving the high cell-dose showed substantial enhancements of myelin in LF and VH (Fig. 8E ) similar to controls. Capillary numbers in VH seemed to decrease.
Quantitative analyses of myelin intensity presented in LF and VH of the lumbar spinal cords on both sides confirmed the above description of myelin staining in cell-treated, media-treated, and control mice. Mediatreated ALS mice showed a significant (p = 0.001) decrease of myelin (29.23 ± 2.38%) in LF on one side of the lumbar spinal cord compared to control mice (46.86 ± 2.16%) (Fig. 9A ). There were no significant differences in myelin expressions in LF between the low or mid cell-dose treated mice vs. media. In contrast, mice treated with the high cell-dose demonstrated significantly (p = 0.001) increased percentages of myelinated axons in LF on both sides of the lumbar spinal cords (side 1-47.77 ± 2.69%, side 2-55.15 ± 2.85%) compared to media-treated mice (side 1-29.23 ± 2.38%, side 2-41.29 ± 2.91%). Myelin intensity profile in VH was similar to LF. Significant (p = 0.001) decreases of myelin staining were determined in VH of media mice on both sides (side 1-3.34 ± 0.28%, side 2-4.61 ± 0.32%) vs. controls (side 1-9.28 ± 0.97%, side 2-9.68 ± 0.99%) (Fig. 9B) . Although non-significant differences were found in VH myelin of the low or mid cell-dose treated mice vs. media, a trend towards increased myelin expression was noted in mice after the high cell-dose treatment. Quantitative analyses of capillary density in VH also supported our observation in Fig. 8 (Fig. 9C) . Continued elevations of capillary density were also noted on both sides of VH in low and mid cell-dose treated compare to media ALS mice. However, significant decreases of capillary density were determined in mice receiving the high cell-dose (side 1-703.81 ± 59.54 number/ mm (Fig. 9C) . Thus, substantial decreases of myelin intensity in LF and VH on both sides of the lumbar spinal cord were determined in media-treated ALS mice at 17 weeks of age, suggestive of axonal myelin sheath disintegration or even axonal degeneration in these late symptomatic mice. Significant enhancement of myelin expressions was mainly determined in LF of mice receiving the high cell-dose. Also, a significant increase of capillary density was noted in VH of media mice. Only mice treated with the high hBM34 + cell-dose showed significant decreases of capillary numbers on both sides of VH vs. mid cell-dose treatment. 
Discussion
The present study evaluated the effects of intravenously administrated unmodified human bone marrow CD34 + (hBM34 + ) cells at different doses into symptomatic G93A SOD1 mice on structural and functional capillary repair in spinal cords. Furthermore, morphological axonal myelin coherence and capillary density were examined in the spinal cords as secondary therapeutic outcomes. The major study findings revealed that the high hBM34 + cell dose significantly: (1) restored capillary ultrastructure; (2) decreased capillary permeability for (caption on next page) S. Garbuzova-Davis et al. Experimental Neurology 310 (2018) 33-47 EB; (3) improved the basement membrane laminin integrity; (4) enhanced axonal myelin expressions in lateral funiculus; and (5) stabilized capillary density. Although some of the above benefits were demonstrated in the mid cell-dose (5 × 10 5 cells) treated mice, structural and functional improvements of microvasculature in the cervical and lumbar spinal cords were mainly determined in ALS mice receiving the high dose of 1 × 10 6 hBM34 + cells. These novel findings provide evidence that unmodified bone marrow hematopoietic stem cell treatment at optimal dose may be beneficial for repair of the damaged BSCB in the spinal cord in advanced stage of ALS, leading to the enhanced motor neuron survival and delayed disease progression as we reported previously (Garbuzova-Davis et al., 2017) . In support of our treatment, umbilical cord blood-derived CD34 + cells have also proven effective for traumatic brain injury by stimulating angiogenesis and neurogenesis (Chen et al., 2014) . Also, combining stem cell therapy with factors for enhancing the endogenous restorative mechanisms of the injured brain may be a promising therapeutic approach. It has been shown that poststroke rats treated by combination of G-CSF and syngeneic bone marrow-derived mesenchymal stem cells (Balseanu et al., 2014) or mononuclear cells (Buga et al., 2015) improved neurological function. Although, this treatment paradigm did not decrease infarct volume in rats, robust angiogenesis was detected in the infarct core. Additionally, intrathecal injection of bone marrow-derived mesenchymal stem/ stromal cells into ALS patients demonstrated safety and efficacy in treatment (Syková et al., 2017) . However, advantages of adult-derived stem cells for treatment of various neurodegenerative diseases have been discussed . Our early study results (Garbuzova-Davis et al., 2007a , 2007b demonstrated compromised BSCB integrity in the cervical and lumbar spinal cords in G93A SOD1 mice at 17 weeks of age. Primarily, abnormal endothelial cell (EC) morphology, degenerated astrocyte endfeet, and perivascular edema were evidenced in these late staged ALS mice via electron microscopy (Garbuzova-Davis et al., 2007a). Similarly, severe ultrastructural EC alterations in the spinal cords were shown in symptomatic G93A SOD1 rats . Results of the current study confirmed these previous observations in ALS mice and, moreover, a high percentage of severely impaired capillaries was determined in the spinal cords of media-treated mice at the late symptomatic stage. Substantial improvement of capillary ultrastructure and significant decrease in the percentage of severely damaged microvessels in the cervical/lumbar spinal cords were most commonly detected in mice treated with the high cell dose. Thus, structural characteristics and morphological profiles of capillary integrity strongly support the effectiveness of hematopoietic stem cell transplantation for BSCB restoration in ALS.
Based on our recent report (Garbuzova-Davis et al., 2017) , transplanted hBM34 + cells into symptomatic ALS mice differentiated into ECs and engrafted into numerous spinal cord capillaries of ALS mice primarily treated with the high cell dose, leading to a reduction of EB extravasation into the spinal cord parenchyma in these mice. Since this study was limited to determining capillary permeability only in mice receiving the high cell dose, the current investigation was extended to evaluate microvessel leakage for EB in animals treated with low and mid cell-doses. Data from the present study confirmed our previous finding and showed a significant decrease of EB extravasation into the spinal cord parenchyma of high cell-dose treated mice vs. media-treated animals. However, non-significant decreases of capillary leakage for EB were detected in mice receiving the low or mid cell-dose, suggesting that insufficient number of transplanted cells provide inadequate capillary coverage, which concurs with our previous study results ( Garbuzova-Davis et al., 2017) . This possibility was also supported by observation of EB extravasation into various areas of the spinal cord parenchyma. Notable capillary leakage for EB was detected not only in the ventral horn, but also in dorsal horn and anterior white matter of the cervical and lumbar spinal cords from ALS mice treated with the low or mid cell-dose. Pervasive permeability of microvessels, even at A significant decrease of laminin detection was determined in media mice, similar to findings in the cervical spinal cord. Although no significant differences were found in mice receiving the low cell-dose compared to media, significantly elevated laminin immunostaining was detected in mice treated with the mid and high cell-doses vs. media and low cell-dose. Also, high cell-dose mice showed significantly higher percentage of laminin expression compared to mid cell-dose treated animals. **p < 0.01. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) some distance from capillaries, in the spinal cord areas such as the ventral horn, dorsal horn, and anterior white matter determined in media-treated mice at 17 weeks of age is a novel finding indicating severe BSCB damage in ALS. Some study results suggest vascular damage as an early ALS pathological event based on evidence of BSCB alterations in SOD1 mutant mice and rats prior to motor neuron degeneration and neuroinflammation (Miyazaki et al., 2011; Nicaise et al., 2009; Zhong et al., 2008) . It is possible that a dysfunctional BSCB is an initiating pathological trigger for ALS and prolonged barrier damage might accelerate motor neuron degeneration. However, our study detected barrier status only in the spinal cords. Nicaise et al. ) demonstrated significant increases of EB extravasation into the spinal cord and brainstem tissues, but not in the brain, of symptomatic G93A SOD1 rats. Additional studies should be performed to determine pre-and post-transplant BBB status in the motor cortex and brainstem of ALS mice to determine the extent of B-CNS-B damage and potential repair. Another limitation of the current study is that EC competence was not fully examined. Dysfunction of tight junction proteins (ZO-1, occludin, and claudin-5) compromising BBB/BSCB integrity, resulting in vascular leakage, has been detected in the lumbar spinal cords of pre-symptomatic and symptomatic ALS mice (Miyazaki et al., 2011; Zhong et al., 2008) . The expression of these tight junction proteins is currently under investigation to confirm BSCB restoration after hBM34 + cell transplantation at different doses and our study results will be reported in an upcoming paper. Capillary basement membrane consistency is imperative for proper maintenance of microvessel integrity (Abbott et al., 2010; Pardridge, 1999) . Marked reduction of laminin, a major non-collagenous basement membrane glycoprotein, was observed in both the cervical and lumbar spinal cords of symptomatic G93A mice, suggesting "loss of vascularization or disruption of vascular basement membrane integrity" (Garbuzova-Davis et al., 2007b) . Also, agrin, another basement membrane component, was noted to decrease in a G93A SOD1 rat model of ALS only at symptomatic stage . In the present study, a significant decrease of laminin immunostaining and irregular laminin patterning in capillary walls was determined in the ventral horns of the cervical and lumbar spinal cords in media-treated mice at 17 weeks of age, confirming our previous results (Garbuzova-Davis et al., 2007b) . Although adequate laminin immunoexpression was observed in spinal cord capillaries of mid cell-dose treated mice, more robust protein staining was detected in mice after the high cell-dose treatment. Our data showed that the basement membrane integrity was enhanced with cell transplantation of the high dose, proving structural BSCB restoration by this cell treatment dosage.
Other major findings of the study included substantial reductions of myelin intensity in the lateral funiculus (LF) and ventral horn (VH) of the lumbar spinal cord in media-treated ALS mice at 17 weeks of age. These data suggest axonal myelin sheath disintegration or even axonal degeneration in these symptomatic mice, confirming our previous ultrastructural observation (Garbuzova-Davis et al., 2007a) of extensive losses of axonal myelinization in the brainstem, cervical and lumbar spinal cords of G93A mice at late stage of disease. Also, massive myelin disorganization in the spinal cords from G93A SOD1 rats was most pronounced in paralyzed animals (Niebroj-Dobosz et al., 2007) . Importantly, a significant decrease of myelin staining in this study was detected in LF on one side of the lumbar spinal cord. Typically, G93A SOD1 mice show initial motor function impairment due to muscle weakness, leading to muscle atrophy and paralysis, in one hindlimb (see Fig. 3B ), and later both hindlimbs and/or forelimbs are involved during disease progression. Determining less myelin mainly in lateral white Myelinated axons in LF of low (C) and mid (D) cell-dose treated mice showed moderate increases compared to media mice. Motor neurons in these mice were morphologically adequate. High numbers of capillaries were detected in VH of these cell-treated animals. Dilated capillaries were noted (C). (E) ALS mice receiving the high cell-dose showed substantial enhancement of myelin in LF and VH similar to controls. Capillary numbers in VH appeared to decrease. LF -lateral funiculus, VH -ventral horn, mn -motor neuron, c -capillary. Boxes in full spinal cord images delineate LF on both sides. Scale bar in A-E for full spinal cord is 500 μm, for LF is 100 μm, and for VH is 50 μm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) matter on one side of the lumbar spinal cord may indicate impairment of crossed descending (corticospinal and rubrospinal) and ascending (spinothalamic) spinal cord tracts accordingly to location of these tracts in mice (Watson and Harrison, 2012) . It has been shown that degeneration of white matter tracts begin in G93A SOD1 mice at 16 weeks of age via axonal pathology (King et al., 2012) and later progressive loss of descending corticospinal, bulbospinal, and rubrospinal tracts was noted (Zang and Cheema, 2002) . Deterioration of spinal cord pathways may be initiated by motor neuron dysfunction, reflecting the significant reduction of myelin in the lumbar ventral horn demonstrated in our study. There are two contradictory hypotheses regarding motor neuron death in ALS. According to the "dying-forward" hypothesis (Browne et al., 2006; Eisen et al., 1992) , initial dysfunction occurs in the corticomotor neurons mediating anterograde degeneration of lower motor neurons by glutamate excitotoxicity in ALS. In contrast, the "dyingback" hypothesis states that the nerve terminals and motor neuron junctions are degraded prior to motor neuron degeneration (DadonNachum et al., 2011) . However, axonal degeneration is thought to precede motor neuron death since retrograde axonal transport of trophic factors is showed to impair in G93A mice even prior to motor neuron loss (Bilsland et al., 2010; Fischer and Glass, 2007) . We believe that both hypotheses could be valid for somatic degeneration of the low motor neurons due to axonopathy and/or neuropathy via direct influence of various intrinsic and/or extrinsic factors. However, Lingor et al. (Lingor et al., 2012) noted that "the mechanisms of neuronal cell body demise must differ from axonal degeneration and the latter cannot be explained as a pure consequence of the somatic dysfunction". Despite pathological mechanisms contributing to motor neuron degeneration in ALS, significant increases of motor neuron survival (Garbuzova-Davis et al., 2017) and myelin expressions in LF in the lumbar spinal cord in symptomatic ALS mice shown in the present study were mainly determined in mice treated with the high hBM34 + cell-dose. However, the involvement of oligodendrocytes in post-transplant enhancement of axonal myelination should be addressed. It has been shown that oligodendrocytes are dysfunctional in ALS (Cui et al., 2014; Ferraiuolo et al., 2016; Nonneman et al., 2014; Rohan et al., 2014) , resulting in potential detrimental effects on myelin production and motor neuron degeneration. Moreover, iron and myelin disturbances in white matter were found in ALS patients and correlated with disease severity through susceptibility-weighted imaging (Prell et al., 2015) . Additionally, myelin changes were determined within the anterior corpus callosum and frontal lobe of ALS patients compared to the widespread reduction of cerebral myelin water fraction in patients with primary lateral sclerosis determined via MRI sequence method (Kolind et al., 2013) . Thus, determining the role of oligodendrocytes in terms of maintaining myelin homeostasis may be required to confirm the mechanisms underlying our proposed cell treatment and will be investigated in the near future. Finally, our examination of capillary density in the lumbar ventral horn demonstrated a significant increase in media-treated ALS mice at the late symptomatic disease stage compared to controls. These data supported our previous study report showing substantial escalation of microvascular density in the lumbar spinal cords from sporadic ALS patients, suggesting that "neovascularization may occur in areas of motor neuron degeneration to compensate for dysfunctional capillaries" (Garbuzova-Davis et al., 2012a) . Supporting this finding, transplantation of bone marrow-derived CD34 + cells enhanced neovascularization in treatment of bone fracture in a rat model (Kawakami et al., 2012) . In contrast, others have shown 10-15% reductions in total capillary length in the lumbar spinal cords of pre-symptomatic SOD1 mutants (Zhong et al., 2008) and lower capillary density via PECAM-1 staining in the spinal gray matter of G93A mice with disease progression, suggesting a reduction of spinal cord microcirculation (Miyazaki et al., 2011) . Although the reduced microcirculation supports observations of a 30-45% decrease in blood flow through the spinal cord (Zhong et al., 2008) , discrepancies between our data and others Fig. 9 . Quantitative analyses of myelin intensity and capillary density in the lumbar spinal cord of G93A mice. (A) Media-treated ALS mice showed significant decrease of myelin in LF on side 1 of the lumbar spinal cord compared to control mice. There were no significant differences in myelin expressions in LF between the low or mid cell-dose treated mice vs. media. In contrast, mice treated with the high cell-dose demonstrated a significantly increased percentage of myelinated axons in LF on both sides of the lumbar spinal cord compared to media-treated mice. (B) Myelin intensity in VH was similar to LF. Significant decreases of myelin staining were determined in VH of media mice on both sides vs. controls. Although non-significant differences were found in VH myelin of the low or mid cell-dose treated mice vs. media, a trend towards a percentage increase of myelin expression was noted in mice after the high celldose treatment. (C) Quantitative analyses of VH of media-treated animals revealed significantly higher capillary densities on both sides of the lumbar spinal cord vs. controls. Continued elevations of capillary densities were also noted on both sides of VH in low and mid cell-dose treated animals compared to media ALS mice. Yet, a significant decrease of capillary density was determined in mice received the high cell-dose vs. mid cell-dose treated animals. *p < 0.05, **p < 0.01.
regarding capillary length and/or density may warrant further investigation. Improved techniques and methodologies could be advantageous to clarify these important data. Despite contradictory results, the present study showed a significant increase of capillary density in the lumbar ventral horn in media-treated ALS mice at 17 weeks of age, potentially indicating compensatory formation of new vessels to provide needed nutrients and oxygen for dying motor neurons. However, this suggestion still needs confirmation. In mice treated with low or mid cell-doses, continued elevation of capillary density was also noted on both sides of lumbar ventral horn, likely due to insufficient numbers of transplanted cells. In contrast, a substantial decrease in density of microvessels was demonstrated in ALS mice after the high hBM34 + cell-dose treatment. Possibly, structural and functional restoration of BSCB in these mice prompted capillary stabilization in the spinal cord at 4 weeks post-transplantation. One neuroprotective mechanism of a restored BSCB may be the blocking entry of proinflammatory monocyte/macrophage cells. Also, detection of transplanted cells in blood circulation by HuNu marker suggest the potential for ongoing barrier repair supporting regenerative processes towards establishment of BSCB integrity in ALS.
Conclusion
The present study demonstrated that unmodified human bone marrow CD34 + (hBM34 + ) cells intravenously administrated into symptomatic G93A SOD1 mice dose-dependently improve structural and functional BSCB repair in the spinal cord. Restoration of ultrastructural capillary morphology, reduction of capillary permeability, improvement of basement membrane integrity, enhancement of axonal myelin coherence, and stabilization of capillary density in the cervical and lumbar spinal cords were primarily determined in ALS mice receiving the high dose of 1 × 10 6 cells. These beneficial effects were potentially achieved via replacement of damaged endothelial cells with newly introduced cells, a likelihood which is supported by our previous study results showing that transplanted stem cells differentiated into endothelial cells and engrafted within numerous spinal cord capillaries. However, the administered cells could additionally provide endogenous repair of endothelial cells in ALS by secretion of specific angiogenic factors; this possibility is currently under investigation. Moreover, repeated cell administrations with smaller doses might substantially contribute to ongoing replacement or endogenous repair of damaged endothelial cells over the course of the disease. Additionally, transplantation of cells from a restricted lineage, such as endothelial progenitors, may provide superior restoration of the damaged BSCB in ALS, which we are presently pursuing. Furthermore, since the present study focused on BSCB integrity at 4 weeks post-transplant, evaluating the effect of cell treatment for a longer post-injection period, especially on mouse lifespan, is important. This study is currently underway. Although various studies should be conducted to evaluate advantages of cell therapy for barrier repair, results of the present study provide evidence that unmodified bone marrow hematopoietic stem cell treatment at optimal dose might be beneficial for repair of the damaged BSCB in the spinal cord in advanced stage of ALS.
Declaration of conflicting interest
The authors declare that they have no conflict of interest.
